With recent attempts to improve quality and productivity, the prefabrication manufacturing system has been occupying an increasing share of the construction area. To minimize site work, material is more frequently being produced and partially assembled at a plant, and then installed at a site. For this reason, the production process is being divided and the materials are being delivered to the site after passing through multiple plants. With these changes in the production process, the materials delivery plan is becoming an important management point. In particular, as road transportation using trucks has a 71 percent share of the domestic transportation market, selecting the proper transportation path is important when delivering materials and equipment to a site. But the management system at the project design phase to calculate the delivery cost by considering the production process of the pre-fab material and the CO2 emission at the material delivery phase is currently lacking. This study suggests a process design model for assembly production of the pre-fab material and transportation logistics based on carbon emission. The suggested model can be helpful to optimize the location of the intermediate plant. It is expected to be utilized as a basic model at the project plan and design phase when subcontractors make decisions on items such as materials procurement, selecting the production method, and choosing the location of the assembly plant.
1. Introduction
Rsearch background and objective
Deliverables including materials and equipment are transported to a construction site to complete a construction contract. In addition, construction projects require seamless cooperation among several companies specialized in specific fields [1] . Recently, the prefabrication method has been introduced to the construction field for the purpose of improving quality and productivity, and prefabricated materials environment. More specifically, no cost estimation and management system has been established that considers the order of prefab processes and carbon emission from the construction planning phase. Thus, this paper aims to propose a process design model that considers environmental costs and transportation costs according to the location of intermediate plants, in order to assist in decision-making on the production and assembly method of prefab construction materials. It is expected that the model proposed in this study can be utilized as a yardstick in establishing a strategy for supply chain management, including materials procurement, production, and selection of method and location of plants at the business planning and design phases.
Research method and scope
The aim of this study is to present ' a production process design model to minimize carbon emission related with prefabricated materials,' by selecting the optimal material production method and location of intermediate production plants based on a comparison of environmental costs considering the impact of travel distance on carbon emission. The major interest of this study lies in comparing transport cost by production method and the carbon cost accompanying the transport process of prefabricated materials, and it is assumed that there are no differences between the prefab method and the alternatives in terms of general logistics cost and production cost of materials. To examine the validity of the suggested model, the aluminum curtain wall produced at a factory is selected, and the transport of the prefabricated materials is limited only to road freight transport.
The process of this research is as follows: 1) Through a review of previous studies, the production trend of construction materials and the impact on the environment of transport are researched from an SCM (Supply Chain Management) perspective, and basic concepts of a production process design model to minimize the carbon emission related with the transport of prefabricated materials are established.
2) A flow of the transport path reflecting the divided assembly production method of prefabricated materials and a carbon emission estimation process are drawn to build a mathematical model for general carbon emission estimation encompassing the entire transport path, including not only the transport paths between plants located at the midpoint but also the path to the final construction site.
Based on the mathematical model, the optimal process design model is presented to minimize carbon emission in all phases, from prefabrication to transport and to installation. 3) To verify the applicability of the proposed model, the production process of the unit type aluminum curtain wall is analyzed, since the unit type aluminum curtain wall is a representative prefabricated exterior material.
A scenario reflecting the transport path by production method is made, and the total cost is estimated considering the transport cost and carbon emissions for each alternative. 4) The most effective plan is selected depending on the production method and the location of plants located at the midpoint (production and assembly) by comparing the total cost of alternatives.
In addition, the factor influencing the total cost most is determined through a sensitivity analysis to elicit the most important management factor in designing the production process. 2. Theoretical review and concept definition 2.1 Relationship of the production trend of construction materials with transport In construction, the concept of prefabrication refers to a series of production processes for producing parts of components under the plant production system. The whole unit or member should be easily produced, assembled and installed at the site. On the other hand, it also refers to a modularized and standardized construction member or a finished structure produced and assembled using the members prefabricated in a plant in advance [2] . Likewise, prefabrication enables the rapid and effective mass production of standardized construction materials and members through the standardized production process, reducing production cost accordingly, and as such it has been the subject of keen interest by the construction industry [3] . Prefabricated materials and members require minimal work at site, and thus are quite compatible with attempts to minimize site works.
In addition, the modular method using exterior panels and lightweight steel frame is in wide application, from single materials to composite materials. Likewise, as the design market for the prefab construction system has been expanding and the demands for the prefabricated materials including the modular method have been on the rise, the production process of construction materials is divided, and the materials pass through multiple plants before being delivered to a construction site, which brought about a drastic increase in freight transport. In addition, considering that road transport by truck represents an increasing share of the logistics transport, a more efficient transport path should be selected at the construction planning phase due to the large quantity of construction materials and equipment carried into a construction site by truck.
For the successful implementation of a construction project, material logistics that enable the materials prefabricated in a plant delivered as planned on schedule to cope with the flexible environment factor of the site are important [4] .
The transport path of prefabricated materials is selected based on the location of the plants located at the midpoint and the construction site, and is also affected by the quantity of materials needed and the distribution of production plants. To derive the optimal material transport path, a decision-making support system should be provided in which the opinions of users are reflected and on which basis the users can make a decision [5] .
Many studies have been conducted from diverse perspectives, and these can be referred to when attempting to determine the optimal transport path. Figueiredo et al. [6] presented a design plan for minimum-cost recycling collection networks to achieve the throughput and appropriate location of the recycling center and the recycling level required by legal regulations. Erkut et al. [7] drew the transport path of a hazardous vehicle through a risk analysis by minimizing various objective values. Kim EM [8] analyzed distribution channel types by material based on research data on the existing distribution paths of target items. When the destination is a construction site, the distribution path can be divided into direct transport and layover transport.
Through a comprehensive analysis of related studies, it was found that there is a close parallel between the process of selection of plants located at the midpoint and the process for the selection of logistics centers. That is, the path is selected More specifically, the contractor outsources professional and materials required for production in a timely manner and at a reasonable price to lead the project to success [9] . When the split production method was introduced, it was initially restricted to the production process within a company. However, as capitalism has intensified, this split production system is extending even up to the level of firms. The success of split production and collaboration can be explained from the perspective of supply chain management (SCM), and the research related to construction materials production and transport has also been mainly conducted in terms of the supply chain. SCM in the construction field considers production activities of all participants, including contractor, designer, builder and material supplier, as a production system, and integrates and optimizes the production system by activating the flows of resources, information and capital for the ultimate purpose of improving the efficiency of the entire system [10] . Agapiou et al. 
Eq. (1) 
D. Constraint equation
Eq. (3) expresses that the cumulative completeness cannot exceed 100%, as when the completeness reaches 100%, it will be transported to the construction site.
Cost estimation criteria
The transport cost is determined based on distance and vehicle method, but is occasionally based on the chartered transport fare presented in a standard of estimation. In this study, we divided the production system of prefabricated materials into a batch production system and a distributed production system. In the batch production system, finished prefabricated materials are produced in the production and assembly phases, while in the distributed production system part or all of each process is outsourced to produce finished prefabricated materials. For the distributed production system, a series of plants located at the midpoint that carry out a detailed production process are determined by a decision maker considering the entire production sequence. When completing the production process in a plant, the wall, a large quantity of materials should be delivered to the site from outside, and repetitive work should be carried out [14] . As the curtain wall is a long lead time item, which means that a relatively long time is required to procure materials to the site from the production plant, JIT (just-in-time) management is required [15] .
The following are the material logistics issues related with the curtain wall installation found in previous studies.
First, an increase in the travel time and distance between plants that carry out processes such as extrusion, painting, assembly, and glazing may cause the material delivery to be behind schedule.
Second, if an inappropriate plant has been selected in the process of selection, while the original intent may have been to improve productivity, an increased logistics cost may result due to the increase in travel distance caused by the distribution of production plants. In this study, the problems are dealt with by selecting appropriate manufacturers and production system at an early planning phase, in accordance with the object of the model presented in Chapter 3.
To examine the validity of the process design model for dry material production, the curtain wall was selected as the target material. 2) Analysis of the curtain wall production system As illustrated in Figure 3 , the working process carried out by a curtain wall company is divided by work type. The working process can be largely divided into construction-centered work including design of curtain wall members and system, delivery and lifting, and installation at the site, while manufacturing-centered work includes member production and assembly. The production system can also be divided into a batch production system by which all work units (extrusion, painting, assembly and processing, glazing, etc.)
are carried out in a single plant, and a distributed production system by which part or all of each of the work units is outsourced. In recent years, to take advantage of cost reductions and the specialization of manufacturing and production systems, the distributed production system has been increasingly adopted [16] . The production process of the unit type system can be more specifically classified into mold, extrusion, painting, processing and assembly, 
Basic assumptions
The process design model proposed in this study was applied to the unit-type aluminum curtain wall installation to perform a comparative analysis of alternatives. The following are the basic assumptions made for the analysis. First, the production method of the unit type aluminum curtain wall can be broadly categorized into a batch production system (Method 1) and a distributed production system. The distributed production system can be more specifically divided into two work groups (Method 2 and Method 3).
Method 1 is a batch production system by which all the production processes including extrusion, painting, assembling and processing, and glazing are carried out in one plant, and the finished materials are carried into the construction site. As mentioned previously, the distributed production system can be divided into two work groups: The curtain wall production system is divided in this manner to reflect the current production situation in which the production and assembly process of the aluminum panel/ aluminum bars, and glass product production process are outsourced. Of the processes, the aluminum related process is simplified, the aluminum panels and bars that form the curtain wall frame are produced in a plant, and the finished curtain wall frame is carried into the construction site. 
Basic assumptions by alternative
The changes of the transport cost and the environment cost generated from the distributed production system is analyzed in consideration of carbon cost to plan a production system that is appropriate for the site conditions or business circumstances. Through a comprehensive cost estimation using the process design model presented in this study, a material supplier can select a distributed production process appropriate for site conditions. That is, it is expected that the material supplier not only can compose the most efficient production system by selecting multiple plants located at midpoint, but can also support the final products to be delivered to the destination on schedule using the optimal transport network. A supplier can select one from many alternatives generated from the combination of the production system (Method 1 When Method 1 (batch production) was compared with Method 3 (pre-glazing distributed production) (Figure 9 ), the results differed slightly depending on the location of a plant at midpoint. When one of Nonsan, Gumi, or Daegu was selected as the location of a plant at midpoint, Method 3 was shown to be favorable, while when one of Ichon or
Okchoe was selected, the batch production system (Method 1) was evaluated to be more favorable.
Sensitivity analysis by factor influencing cost
The identification of factors that have great impact on cost based on the results of a sensitivity analysis can be utilized as fundamental data in decision-making to establish an assembly production strategy. It is expected that the results might differ slightly depending on the alternative.
However, in this chapter, Method 3 (pre-glazing distributed production), which was evaluated to have a better price condition in the total construction cost estimation of the construction site in Busan, was selected, and the location of a plant at midpoint was set at Gumi to perform a sensitivity analysis. Figure 10 shows the relative impact of each assumed variable on the expected variable in order.
1) Carbon cost related
The factor that had a greatest impact on the carbon cost was found to be carbon transaction cost followed by exchange rate, travel distance of finished goods (Gumi-Busan), travel distance of Pre-glazing goods (Goyang-Gumi), and the number of vehicles for Pre-glazing goods. A scatter plot is a graph that visually shows the relationship between two variables. That is, based on the shape of scattered dots, the relationship between two variables can be identified. In Figure   11 , only carbon transaction cost has a strong positive relationship with the carbon cost, and the other variables are not particularly correlated. Figure 11 . Scatter of the carbon cost to site Busan, Method 3
(pre-glazing), when the plant is located at Gumi
2) Total cost related
In contrast to the results of carbon cost analysis above, the factor that has the greatest impact on the total cost is the travel distance of finished goods, which is the post process in Method 3(Pre-glazing). In addition, in the scatter plot shown in Figure 13 , the travel distance of finished goods shows a strong relationship; thus, it is suggested that the travel distance after the post process should be reduced to reduce the total cost. should be paid to the greenhouse gas generated by the transport of construction material, and a model is proposed to support decision-making in production methods that considers even the carbon emission generated in transport between material production processes. The main findings of this research are as follows. 1) Through an analysis of the production method of construction material in a plant and the freight transport structure, the efficiency of a base center in the divided production process was examined, and the impact of the transport sector on the environment was reviewed. To perform the study, previous process evaluation studies of the construction structure were reviewed and on this basis it was found that there was no consistent greenhouse gas estimation method, and the greenhouse gas emission estimation methods for the transport sector were analyzed. 2) A model for transport cost and carbon emission generated either in a batch production system by which all the processes are carried out in the manufacture and production phase or in a distributed production by which part or all of each unit process is outsourced is defined. On this basis, a production and transport integration model is built in consideration of carbon emissions, which can be utilized as fundamental data when selecting a production method. 3) A representative factory produced material, and the unit type aluminum curtain wall was selected as the target material for the model verification to review the utilization plan for a model. When the travel distance is longer, the cost can be reduced or increased depending on the production method and process system. 4) It was revealed that cost reduction was achieved when the material was initially produced in a plant in the city of Goyang, and carried into the construction site in Busan, the pre-glazing work was done first and then the double layer glass was delivered to a factory near Busan, and then the aluminum process and glazing process were performed. Based on the research findings, a production system design model can be built in consideration of the carbon emission generated from all transport through the appropriate management of the transport method and location of assembly plants, and the selection of a distributed production system for construction material. However, of the two factors selected to be considered in the total cost estimation, transport cost and environmental cost, it was proven that the model was mostly affected by the transport cost, and there are limitations to its success as an integrated model. However, in terms of environmental cost, the model was considerably affected by the carbon transaction cost, and showed a noticeable change according to the carbon emission coefficient. This suggests the need for a carbon emission coefficient certified by the Korean government.
It is expected that the model suggested in this study will be utilized in planning a material production system appropriate for construction site conditions, and in particular can be used to determine an economical transport system by selecting the optimal location of plants at midpoint. Furthermore, it also contributes to national attempts to reduce carbon emission and helps companies to secure competence by applying and managing a dry material production system.
